Plasmonic Ag nanowire homotrimer with asymmetrical radii and separations, which exhibits characteristics of multiple plamonic resonances and different electric field distributions, is systematically investigated by means of 2D finite element method. It was found that the dark and bright modes appear in asymmetrical nanowire homotrimer. In addition, when the dark modes appear between the smaller radii of the nanowires, the cascade effect results in enhanced electric field between the smaller radii nanowires. As a result of the appearance of the bright modes between the smaller radii of the nanowires, the restriction of the cascade effect generates enhanced electric field between the bigger nanowires.
I. INTRODUCTION
Induced by an incident electromagnetic field of a given frequency, metal nanostructures can sustain localized surface plasmon (SP) resonances, arising from the coherent collective oscillation of conduction electrons in metal surfaces [1−5] . Generally, only a single resonance peak exists in the individual nanostructure, which is considered as its natural plasmonic dipole mode, while multiple plasmonic resonances can be observed in nanocomplex. For the symmetrical nano-complex, it has been reported that the resulting electromagnetic field displays symmetrical distribution in the approaching area mainly through plasmon coupling [6−8] . However, due to the symmetrically distribution, the symmetrical nano-complex can only present homogeneous but limit plasmon modes. As a result, the symmetrical nanocomplex has less extraordinary properties, which limits its wide application in many areas, such as sensing, medicine, catalysis, and optoelectronics.
Recently, different asymmetric nano-complexes have been theoretically and experimentally studied [9−11] . The absence of symmetry has demonstrated that the spectrum is not solely a linear combination of the plasmonic modes of the individual nanostructures, which is highly beneficial for manipulating the line shapes of the spectrum and the electromagnetic phenomena between the individual nanostructures. As a prototype, in the asymmetric Ag homotrimer with decreasing sizes * Author to whom correspondence should be addressed. E-mail: gtfei@issp.ac.cn, Tel.:
+86-551-65591453, FAX: +86-551-65591434 and separations, it is found that the resulting electric field enhancement is enhanced by orders of magnitude in the gap between the smallest nanospheres, this phenomenon is referred as the cascade effect [4] . However, the mechanism of the appearance of the different electric field associated with the plasmonic modes in asymmetric nanosphere homotrimer is not clearly interpreted.
Metal nanowires with cross sections below the freespace diffraction limit of light support the propagation of surface plasmons that confines light into nano-scale dimensions. Furthermore, compared to the assembly of the nano-complexes with complex nanofabrication process, metal nanowires are relatively easy to prepare in a repeatable and reliable manner, making these nanostructures widely used in sub-wavelength optics, nanoscale optical components and devices [12, 13] . Most studies have been reported on the surface enhanced Raman scattering, propagation, scattering properties of metal nanowires with symmetrical parameters [14−16] .
In this work, we systematically investigate the plasmonic properties of the homotrimers based on the asymmetrical metal nanowires. We find that the asymmetrical homotrimer can present bright or dark modes at the resonance wavelengths. Especially for the homotrimer case, the cascade effect can result in different electric field distributions in the approaching area of the nanowires, depending on the dark or the bright modes appearing between the smaller radii of the nanowires. When the dark mode appears between the smaller nanowires, the corresponding area shows higher electric field than that between the bigger nanowires, which is referred as the cascade effect. In contrast, the existence of the bright mode between the bigger nanowires will result in the restriction of the cascade effect, leading to the higher electric field. Our investigation shows different results from the symmetric case, essentially arising from the appearance of the bright and dark modes while the nanowire homotrimers is symmetry breaking.
II. MODEL AND NUMERICAL METHOD
In present work, the optical properties of sizeasymmetrical Ag homotrimer nanowires are calculated using 2D finite element method model based on Maxwell's equations, which has been comprehensively described in Ref. [17] . Meanwhile, the proposed perfectly matched layer are placed before the outer boundary to avoid nonphysical reflections of outgoing electromagnetic waves. Throughout this work, the metal in our model is Ag. The permittivity data of Ag are obtained from Johnson and Christy [18] . And the whole calculations performed for homotrimer nanowires are immersed in a surrounding medium of air.
III. RESULTS AND DISCUSSION
We adopt model morphology of Ag homotrimer nanowires ( Fig.1 ) with different radii and separations to investigate their optical properties, where R 1 , R 1 , and R 3 are the radii, S 1 and S 2 are the surface-tosurface separations between the 1st and 2nd, the 2nd and 3rd nanowires, respectively. In all the calculations presented here, the direction of the incident wave-vector K is along the y-axis and electric-field polarization vector is parallel to the x-axis (see Fig.1 ). Besides, the infinitely long wires orients along the z direction.
Empirically, the plasmonic resonances of homotrimer can be investigated by dividing into two homodimer. Hence we start our investigation on the optical properties of two plasmonic homodimers with radii R 1 and R 2 , R 2 and R 3 , respectively. In addition, for the model with asymmetrical parameters, the calculated curves of extinction cross section (ECS) are not smooth with insignificant kinks as that in the symmetric case. Therefore, the following discussions would focus on the significant resonance peaks to study the multiple coupling, the negligible differences of ECS are outside the discussion range of our interest.
A. Two asymmetrical homodimers with respective radii R1 and R2, R2 and R3
The two homodimers with radii R 1 =100 nm and R 2 =50 nm, R 1 =50 nm and R 2 =25 nm are referred to homodimer-1 (H1) and homodimer-2 (H2), respectively. The ECS spectra of H1 and H2 with separation S=2 nm
FIG. 1 Schematic model morphology of the studied asymmetrical Ag nanowire homotrimer with the configurable parameters and the incident polarization parallel to the dimer axis.
FIG. 2
The extinction cross sections of (a) single nanowire, (b)−(d) symmetrical homodimer nanowire with separation S=2 nm, (e) and (f) asymmetrically nanowire with separation S=2 nm.
are simulated. For comparison, the ECS of the individual and symmetrical homodimer nanowire is also shown in Fig.2 . While an individual nanowire with equal radii to that in our model, namely, 25, 50, and 100 nm, respectively, it only has one resonance peak arising from a dipole around 342 nm ( Fig.2(a) ). When the individual nanowire forms the symmetrical homodimer structures ( Fig.2 (b)−(d)), there exist multiple resonance peaks, which correspond to the dipolar and multiple higher-order modes, arising from the phase retardation effects [19, 20] . In plasmonics, the corresponding charge distributions can be used to clearly verify the involved plasmon modes at resonance wavelengths [1, 20] , therefore the charge distribution of the homodimer with radii R 1 =R 2 =100 nm along x direction at three resonance wavelengths is calculated ( Fig.S1 in supplementary materials). It can be found that the higher-order modes of the triakontadipolar and quadrupolar (Q) mode correspond to the resonance wavelengths of 359 and 497 nm, respectively, and the dipolar (D) mode corresponds to the resonance wavelengths of 826 nm, which is out of visible light.
For the asymmetrical case of H2 and H1 in Fig.2 (e) and (f), compared with the symmetrical homodimer case, there also exist the multiple resonance peaks, located at 364, 495, and 609 nm for H1, 343 and 448 nm for H2, respectively. The charge distributions at resonance peaks of the two asymmetrical homodimers for S=2 nm are shown in Fig.3 . For H1 at wavelengths of 364, 495, and 609 nm, six, four, and two nodes can be clearly observed in the approaching area, as expected, which is corresponding to higher-order octupolar (O), Q and D modes, respectively ( Fig.3 (a)−(c)). For H2, surprisingly, both higher-order Q modes appear at the wavelengths of 343 and 448 nm, respectively ( Fig.3 (d) and (e)). These results are different from that of the symmetrical case, especially for the H2. That is, the symmetrical homodimer ( Fig.2 (b) and (c)) with two resonance peaks shows the O and D modes at 340 and 499 nm (not shown in this work).
The ECS spectra of the two homodimers with varied separations and radii are shown in Fig.S2 (supplementary materials). The corresponding charge distributions at the resonances of H1 and H2 with S=4 nm are highlighted in Fig.S3 (supplementary materials). One can note that, when S increases to 4 nm, the charges are less than that of the corresponding S=2 nm (Fig.3) , therefore resulting in weakened SP coupling. When S finally increases to 20 nm, there only exists a resonance peak ( Fig.S2 (a) and (b) in supplementary materials) arising from the weakened SP coupling, which is analogous to the dipole resonance peak of the single nanowire around 342 nm. Different from the results by increasing the separation, the increasing radius of the homodimer generates much higher-order modes with asymmetrical line shapes ( Fig.S2 (c) in supplementary materials), arising from the phase retardation effects, which is analogous to the asymmetrical Au:Ag heterodimers on increasing the size of dimer size [21] .
In the plasmonic nanostructures with symmetry breaking, the bright mode and dark mode are involved. Naturally, the bright mode possesses finite dipole moment, which can be excited by the incident light efficiently. In contrast, the dark plasmon mode with nearzero dipole moment, couples to light less effectively [22] . However, the dark mode can be excited by the electric field associated with the bright mode [22, 23] . In addition, the exclusive losses of dark mode are only limited by the intrinsic metal losses, which is much lower than the radiative damping of the bright mode. Therefore, the dark mode will result in enhanced and localized electric field distribution than that of the bright mode [24, 25] . In our models, for the morphology of H1 with asymmetrical radii, it can be clearly observed from the ECS (Fig.2 (e) and (f)) that the D at 609 nm is much broader than the O and Q at 364 and 495 nm. Combinly this feature with the charge distributions ( Fig.3 (a) −(c)), we can conclude that the D mode is referred to the superradiant bright mode, and higher-order (O and Q) modes are referred to the subradiant dark mode, respectively. For H2, there is only dark Q mode. However, different from the classic nanostructure with the dark modes directly excited by the bright modes such as the disk-ring plasmonic nanostructures [1, 9] , the appearance of the so-called dark modes in nanowire arrays arises from the splitting of the dipole modes in the individual nanowire to reduce the Coulomb repulsion energy [26, 27] . This feature can be confirmed in Fig.S2 (a) and (b) (supplementary materials). As the separation increases from 2 nm to 20 nm, owing to reduced mode repulsion, the ECS spectrum of homodimer is comparable with the individual nanowire with a dipole mode.
Based on the above results, the plasmonic properties of the asymmetrical nanowire homotrimer consisting of H1 and H2 are investigated. The different plasmon modes can be excited in H1 and H2. In addition, the bright and dark modes generate distinguished electric field distribution in the approaching areas of the homotrimer consisting of the H1 and H2.
B. Asymmetrical homotrimer with varied separation and radius
As expected, electromagnetic coupling can be modulated by changing the separation and radii of the homotrimer consisting of the H1 and H2 as investigated above. Here we adopt the configurations with the varied radii and separations simultaneously. The dependence of the ECS spectra of asymmetrical Ag nanowire homotrimer with uniform R 1 :R 2 :R 3 =100 nm:50 nm:25 nm on the varied separations S 1 =S 2 =S is shown in Fig.4 (a) −(e), and dependence of the ECS spectra of the homotrimers with R 1 :R 2 :R 3 =4:2:1 and S 1 =S 2 =2 nm on the varied radius is shown in Fig.4 (f)−(m). We can note that when S decreases or the radius increases, the multiple resonance peaks can be gradually and clearly observed. For the reference state, we would firstly focus our attention on the homotrimer configuration with S 1 =S 2 =2 nm and uniform R 1 :R 2 :R 3 =100 nm:50 nm:25 nm (Fig.4(a) ) to get insight into the tunability of electromagnetic coupling and multiple resonances. The corresponding charge distribution at the four obvious resonance peaks located at 674, 497, 426, and 363 nm are plotted in Fig.4 (n)−(q), respectively, and the corresponding values of electric field along the x direction are listed in Table I . Here, most part of the electric filed (not shown here) and charge distribution locate around the approaching area. It is worth mentioning that the resulting resonance peaks at 363, 426, and 497 nm with asymmetrical line shapes are comparable with the Fano resonances orig- inated from the coupling of the super-radiant modes and subradiant modes, which have been found in nanocomplexes with symmetry breaking [9] . From the charge distributions in Fig.4 (n) and (p) for S=2 nm, it can be found clearly that there exist all dark O modes between two homodimers with six charge nodes at 363 nm of the resonance wavelength, all Q modes with four charge nodes at 426 nm of the resonance wavelength, the bright D (50 nm:25 nm homodimer) and dark Q (100 nm:25 nm homodimer) modes with two and four charge nodes in the case of the third resonance at 497 nm, respectively. Different from the appearance of the higher-order modes, the resonance at 674 nm (Fig.4(p) ) corresponds to the dipolar bright mode, leading to a spectral broadening because of the radiative damping [1, 2] . In virtue of the existence of the bright and dark modes distributed in the gaps for the model with S=2 nm and varied radii shown in Fig.4 (f)−(m) , not only the appearance of different plasmon modes, but also the near field distribution of the size-asymmetrical nanowires is greatly influenced. Previous works has been reported that a self-similar linear chain, consisting of three Ag nanospheres with decreasing sizes and separations, can produce local field enhancement in the gaps between the smaller particles due to so-called cascade effect [4] . That is, while the external field impinges on the cascaded nanospheres, the local optical field between the large particles is enhanced firstly, and then the enhanced electric field acts on the smaller particles as an excitation field, resulting in higher nanofocusing than that in bigger ones.
In our model, due to the multiple resonance peaks with complex mode distribution, the near field distributions of size-asymmetrical homotrimer nanowires with four resonance peaks (listed in Table I for symmetrical separations 2 nm) present different results. For the wavelengths of 674 and 497 nm, the maximum electric field localizes at the gap between the two larger nanowires (E 1 ). In contrast, the maximum electric field localizes at the gap between the two smaller nanowires (E 2 ) for the wavelengths of 426 and 363 nm. These phenomena can be explained as the association of the cascade effect with the different plasmon mode appearing between the smaller radii of the nanowires. Due to the fact that the losses of dark mode with the intrinsic metal losses are much lower than the radiative damping of the bright mode [24, 25] . When the dark mode, which can be able to store a larger amount of electromagnetic energy than the bright mode, appears between the two smaller nanowires, the cascade effect will results in bigger electric field distributed between the two smaller nanowires. In constrast, the appearance of the bright mode, which has radiative damping, will lead to the restriction of the cascade effect, hence the resulting bigger electric field distributed between the two bigger nanowires.
Based on the above interpretation of the multiple resonances and the different electric field distribution in the separations of S 1 =S 2 =2 nm model, now we turn our attention to analyze the plasmon resonance as a function of separations S as shown in Fig.4 (b) −(e).
One can note that with increasing of separations, the resonance peaks are all blue-shift. This phenomenon can be interpreted that as the separation increases, the resulting splitting of the plasmon modes to reduce the Coulomb repulsion energy between the individual nanowire decreases [26, 28, 29] . For the case of separations of S 1 =S 2 =4 nm (Fig.4(b) ), there also exist four apparent resonance peaks at 362, 403, 450, and 634 nm as that for S=2 nm. As S increases, the first resonance (corresponding to 362 nm for the separations of S 1 =S 2 =4 nm) keeps almost constant for the S 1 =S 2 >4 nm. The charge distribution of the resonance peaks for S 1 =S 2 =4 nm are represented in Fig.S4 (supplementary materials) , presenting that the resonance at 362 nm exhibits the mixture of the dark Q and O modes (Fig.S4(a) in supplementary materials) , compared to the pure O modes in homotrimer with S 1 =S 2 =2 nm at 363 nm (Fig.4(n) ). The resonance at 403 nm for the homotrimer with the separations of S 1 =S 2 =4 nm is all dark Q modes (Fig.S4(b) in supplementary materials) . The mode distributions of the resonance at 450 nm ( Fig.S4(c) in supplementary materials) are comparable with S 1 =S 2 =2 nm at 497 nm (Fig.4(p) ), resulting in the same electric field distribution between the bigger nanowires, arising from the ineffectively cascade effect. However, for the separations of 4 nm at 362 and 403 nm, due to the disappearance of superradiant bright mode, the SP interaction between the bigger homodimer nanowires generates an excitation field, and then the enhanced near field (E 2 ) (observed in Table I ) stays in the gap of the smaller as a result of the cascade effect [4] . Furthermore, for the separation of 4 nm, the SP interaction between the nanowires decrease compared with that of the separation of 2 nm, this brings about the decreasing near field of the whole system, especially for E 1 listed in Table I . Above all, we can conclude that the cascade effect takes effect to confine the near field in the gap of the smaller nanowires, while the pure dark modes exist at the corresponding resonance wavelength.
In Fig.4 (f)−(m), one can note that when the radius of the homotrimer increases, together with the same scale R 1 :R 2 :R 3 =4:2:1 and separations S 1 =S 2 =2 nm, more resonance peaks and asymmetrical line shapes can be observed, indicating that the higher order resonance modes are excited [19, 20] . The resonance peak at 343 nm for R 1 =50 nm homotrimer, which corresponds to dipolar mode. These results are comparable with the size-dependent of the homodimer as shown in Fig.2 (f)−(m) . In summary, we can conclude that, due to the decrement of the separation or the increment of the radii, the resulting increment of the SP coupling between the asymmetrical nanowires generates multiple resonance peaks. At respective resonance peak wavelength, the bright and dark modes modulate the role of the cascade effect, and producs different electric field distributions. The influence of asymmetrical separations and radii on the optical properties of homotrimer nanowires as Li's assumption is investigated [4] . We set the quantitative relation of radii and separations as R i+1 =αR i , S i+1,i+2 =αS i,i+1 , and S i,i+1 =βR i , where α=1/2 in current model is constant as the reference state. The ECS spectra of asymmetrical Ag nanowire homotrimer with R 1 =100, R 2 =50, and R 3 =25 nm for different ratios β is shown in Fig.5(a)-(f) , β=1/20 (S 1 =5 nm, S 2 =2.5 nm) for different radii is shown in Fig.5(g) , and the corresponding charge distributions at the resonance peaks in Fig.5(f) are highlighted in Fig.5 (h)−(j) . Meanwhile, the values of the near field at the resonance peaks for β=1/20 and 1/18 are also listed in Table II . For ECS spectrum of the ratio 1/20 in Fig.5(f) , one can note that there exist three resonance peaks at 629, 418, and 361 nm, respectively. The bright dipolar mode at 629 nm confirmed by the charge contribution in Fig.5(j) is also broadened due to its radiative damping. However, for the resonance at 418 nm, dark Q modes appeared in the gap of the nanowires (Fig.5(i) ), when Q and hexapolar modes for the resonance are at 361 nm (Fig.5(h) ), which are the same as the modes as stated above with the separations S 1 =S 2 =4 nm. In addition, the higher near-fields at 418 and 361 nm are distributed significantly in the gap of the smaller homodimer (Table II) , indicating that the cascade effect functions effectively in virtue of the asymmetrical sizes and separations due to the absence of the dipolar mode (Fig.5 (h) and (i) ). However, the cascade effect is less effective at 629 nm because of the damping of dipolar modes as presented in the above discussion. As shown in Fig.5(a) , it is noted here that, as the separation (the ratio β) increases to S 1 =10 nm and S 2 =5 nm (β=1/10), the resonance at 418 nm for β=1/20 has blue-shift to 415 nm slightly, and the resonance at 361 nm almost keep unchanged, retaining a significant peak at 389 nm, arising from the weakened SP coupling. It indicates that the symmetry-breaking of the sizes and separations of Ag nanowire homotrimer generates more effective cascade effect.
So far, we have performed the calculations using large nanowires with asymmetrical separations. Next, the homotrimers with simultaneously varied radii and separations are investigated. The optical ECS spectra as a function of the sizes with constant ratio β=1/20, α=1/2 are shown in Fig.5(g) , and the corresponding near field of the resonance peaks are listed in Table III . When the sizes and the separations of the nanowires get smaller, the spectrum of the dipolar bright mode becomes narrower, arising from the decreasing radiative damping. Furthermore, due to the cascade effect, the near fields between the smaller nanowires enhance slightly with the stronger SP coupling at longer wavelength of the resonance peaks. However, for the resonance peak at shorter wavelengths, the electric field enhancement is greatly depressed due to the cancellation of its polarization. Even though the stronger SP coupling and cascade effect exists between the smaller sizes and separations of the homotrimer nanowires, the size effect considerably influences the extinction spectra with lower peak height [30, 31] . To rich and further confirm the calculated results discussed above, the other two sets of homotrimers with radii R 1 =225 nm, R 2 =75 nm, R 3 =25 nm (R 1 :R 2 :R 3 =9:3:1) and R 1 =400 nm, R 2 =100 nm, R 3 =25 nm (R 1 :R 2 :R 3 =16:4:1) are investigated. When the separations are symmetrical and asymmetrical, the resulting ECS spectra, corresponding charge distribution at the multiple resonance peaks and electric field distribution are shown in the supplementary materials ( Fig.S5 and S6 and Tables S1 and S2 ). In addition, the comparable homodimers, which are the fundamental elements of the homotrimer, are also investigated as the reference in Fig.S5 and S6 (supplementary materials) . One can note that the bright and dark modes exist in the homodimer and homotrimer. In addition, combined the charge distribution and the electric filed (E 1 and E 2 listed in Tables S1 and S2 of the supplementary materials) between the nanowires, the suppression of the cascade effect is confirmed by the appearance of the bright mode in the homotrimer. In favor of the dark mode, the cascade effect results in the higher electric field distributed between the smaller nanowires. Furthermore, arising from the increasing of the separations, the weakened SP coupling generally results in decreasing electric field.
IV. CONCLUSION
In this work, we have systematically investigated the plasmonic properties of the asymmetrical silver nanowire homotrimer with asymmetrical separation and radius. It is found that, multiple plasmonic properties and different electromagnetic coupling can be generated originated from the coupling between the bright and dark modes, which have been confirmed by the charge distributions at the resonance wavelengths. When the bright mode with radiative damping exists in the homotrimer, the cascade effect is depressed, resulting in the higher electric field distributed in the approaching area of the bigger nanowires. In the opposite way, when the plasmon modes have the dark modes between the smaller nanowires, which can store the electromagnetic energy, the cascade effect results in higher electric field in the gap of the smaller nanowires. The above results are confirmed by three sets of homotrimer with different asymmetrical separations and radii. We believe that the simulated results obtained in this work may be useful for the analysis of the optical behaviors of asymmetrical nanowires while the experimental characterization of the non-uniform samples shows different comparison from the ideally simulation adopted the symmetrical models. In addition, the appearance of the different coupling plasmon modes between the nanowire arrays may be useful to contribute to overcome the light propagation length, which is of importance in waveguides. Nanowire plasmonic waveguides can be generally served as the miniaturization of optical signal processing, data transmission. Table S1 , S2 show the electric field at the resonance peaks for the nanowire homotrimer with symmetrical and asymmetrical separations with the parameters of R 1 =225 nm, R 2 =75 nm, R 3 =25 nm (R 1 :R 2 :R 3 =9:3:1) and R 1 =400 nm, R 2 =100 nm, R 3 =25 nm (R 1 :R 2 :R 3 =16:4:1), respectively. Figure S1 shows the charge distribution of the homodimer with the radii R 1 =R 2 =100 nm at the resonance wavelengths 359, 497, and 826 nm, respectively. Figure S2 shows the influence of the asymmetrically structural parameters of H1 and H2 on the extinction cross section. Figure S3 shows the corresponding charge distribution at the different resonance wavelengths for H1 and H2 with the separation S=4 nm. Figure S4 shows the charge contribution at the resonance peaks 362, 403, 450, and 634 nm, respectively, for the separations S 1 =S 2 =4 nm as the radii of the homotrimer are R 1 =100, R 2 =50, and R 3 =25 nm. Figure S5 and S6 show the ECS of the nanowire homodimer and homotrimer with asymmetrical separations and radii R 1 =225 nm, R 2 =75 nm, R 3 =25 nm (R 1 :R 2 :R 3 =9:3:1) and R 1 =400 nm, R 2 =100 nm, R 3 =25 nm (R 1 :R 2 :R 3 =16:4:1), respectively, and the corresponding charge distributions at the resonance peaks. 
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